The planet closest to the Sun, Mercury, is the subject of renewed attention among planetary scientists, as two major space missions will visit it within the next decade. These will be the first to return to Mercury, after the flybys by NASA's Mariner 10 spacecraft in 1974-5. The difficulties of observing this planet from the Earth make such missions necessary for further progress in understanding its origin, evolution and present state. This review provides an overview of what is known about Mercury and what are the major outstanding issues. Mercury's orbital and rotation periods are in a unique 2:3 resonance; an analysis of the orbital dynamics of Mercury is presented here, as well as Mercury's special role in testing theories of gravitation. These derivations provide a good insight into the complexities of planetary motion in general, and how, in the case of Mercury, its proximity to the Sun can be described and exploited in terms of general relativity. Mercury's surface, superficially similar to that of the Moon, presents intriguing differences, representing a different, and more complex history in which the role of early volcanism remains to be clarified and understood. Mercury's interior presents the most important puzzles: it has the highest uncompressed density among the terrestrial planets, implying a very large, mostly iron core. This does not appear to be the completely solidified yet, as Mariner 10 found a planetary magnetic field that is probably generated by an internal dynamo, in a liquid outer layer of the large iron core. The current state of the core, once established, will provide a constraint for its evolution from the time of the planet's formation. Mercury's environment is highly variable. There is only a tenuous exosphere around Mercury; its source is not well understood, although there are competing models for its formation and dynamics. The planetary magnetic field appears to be strong enough to form a magnetosphere around the planet, through its interaction with the solar wind. This magnetosphere may have similarities with that of the Earth, but is more likely to be dominated by global dynamics that could make it collapse at least at the time of large solar outbursts. The future understanding of the planet will now await the arrival of the new space missions. The review concludes with a brief description of these missions.
Introduction
The planet Mercury has been known since antiquity when it was observed, together with Venus, Mars, Jupiter and Saturn, as an object that moved against the background of the 'motionless' star patterns. It is remarkable that it became so well known, despite its proximity to the setting or rising Sun, moving much faster across the pattern of the stars than the other planets. It became known as the swift one, the messenger of the gods.
Mercury is the planet closest to the Sun in our solar system and is a member of the family of terrestrial planets. Its generally Moon-like appearance is illustrated in figure 1, a composite of over 140 photos taken by the only spacecraft ever to visit Mercury in 1974-5. The main properties of Mercury are listed in table 1, together with the same parameters for the Earth to provide a comparison.
For planetary astronomers of modern times, the difficulties of observing Mercury have led to its relative neglect. Earth-based astronomical observations of Mercury have always been highly problematic. The planet's largest apparent angular distance from the Sun is only 28
• , so that it can only ever be observed close to sunset or sunrise, low above the horizon. This introduces severe limitations to viewing the planet because of atmospheric turbulence. Although its orbit and size were well established in the 19th century, the puzzle of the advance in its perihelion could not be explained by even the most careful observations and calculations within the framework of the Newtonian theory of gravitation; it awaited the advent of Einstein's general relativity (GR) for a solution. Even its rotational period was unknown or, rather, incorrectly deduced from the observations until the 1960s. As a consequence, the resonance between its orbital and rotational periods remained misinterpreted until that time.
For a long time, it was thought that Mercury's rotation and orbit were in a 1:1 resonance, just like the Moon in its orbit around the Earth. As described in section 2, the orbital period of 87.969 days introduces a near periodicity in favourable viewing conditions from the Earth that leads to the same aspect of Mercury to be observed on successive occasions. This somewhat unfortunate coincidence affecting the visual observations was only resolved when, eventually, Mercury's rotation period was found to be 58.646 days by Earth-based radar observations (Pettengill and Dyce 1965) . This discovery showed that the orbital and rotation periods are in fact in an exact 2:3 ratio.
The explanation for this resonant but asynchronous rotation of Mercury was first put forward by Colombo (1965) . Further work on understanding the details of the resonance and the libration of Mercury's orbit in terms of spin-orbit coupling and tidal effects in Mercury's liquid core led to important constraints on the evolution and state of the planet. This topic is developed in detail in section 2. Although the calculations are relatively lengthy, a logical development of the arguments provides a good insight into the complexity of the interplay of forces that lead to the close coupling between Mercury's orbital motion and rotation.
For physicists, Mercury's importance stems from its role in the possibility to test, and indeed prove, the departure from the Newtonian theory of gravitation. It is generally known that the minute advance in Mercury's perihelion (43 arcsec per century) that cannot be explained by Newtonian gravitation has been successfully explained by GR. The details of the calculations in the context of relativistic metric theories of gravitation are critically summarized in section 3.
The angular diameter of Mercury from the Earth is 13 arcsec at its maximum, and can be as small as 4.5 arcsec. The small size, combined with the difficult observation conditions, led to a variety of features on the surface that were apparently deduced from astronomical observations, but then discarded. In fact, all the maps of Mercury's main surface features drawn by successive observers were proved to be wrong when close-up images of the planet were finally returned by the Mariner 10 spacecraft in 1974-5. The observations made during Figure 1 . This mosaic shows the planet Mercury as seen by Mariner 10 as it sped away from the planet on March 29, 1974 . The mosaic was made from over 140 individual frames taken about 2 h after encounter, at a range of 60 000 km. North is at top. The limb is at right, as is the illuminating sunlight. The equator crosses the planet about two-thirds of the way from the top of the disc. The terminator, line-separating day from night, is about 190 • west longitude. This hemisphere is dominated by smooth plains, rather than heavily cratered terrain, and resembles portions of the Moon's maria in general shape. Half of a very large, multi-ringed basin named the Caloris Basin appears near the centre of the disc near the terminator. Its surrounding mountain ring is about 1300 km in diameter (courtesy of NASA).
the three flybys of Mercury by this spacecraft remain by far the most important source of information for the planet. Even Earth-orbiting, space-based telescopes, such as the Hubble Space Telescope, cannot contribute to the study of Mercury, because the planet's angular proximity to the Sun would lead to the violation of stray-light and thermal constraints of the telescopes. However, some Earth-based spectroscopic studies, as well as radar observations, have contributed significant elements to our current knowledge of Mercury since the Mariner 10 mission. Pioneering observations from the Earth since the Mariner 10 flybys did discover the variability of the sodium exosphere and also gave few important clues about the previously unseen side and polar regions of the planet. It now seems certain that there are volatiles, most likely water ice in deep craters near the poles. A particular radar feature on the side of the planet not seen by Mariner 10 has been tentatively interpreted as a volcanic dome, although this interpretation remains subject to doubt. What is known of Mercury's surface, primarily based on the images made of it by Mariner 10 but complemented by radar and infrared observations from Earth made under difficult conditions, is described in section 4.
Mariner 10's flybys provided not only images of about 46% of the planet's surface but also led to the discovery of the planetary magnetic field (Ness et al 1974 . This discovery, in turn, led to an important re-evaluation of our understanding of Mercury's formation, evolution and present state. Before Mariner 10, it was thought that Mercury's planetary core had completely solidified early in the planet's history, in fact within the first 500 million years of its now ∼4.5 billion year existence. However, a planetary scale magnetic field implies the possibility of a planetary dynamo, similar to that of the Earth; this, in turn, requires that at least the outer part of the core should have remained liquid to the present day. Given that Mercury's mostly iron core occupies a much greater volume of the planet than is the case for the Earth, its internal structure and how it evolved to its present state remain little understood. Recent modelling, however, have provided some intriguing pointers that will be reviewed in section 5, together with their implications for the generation of the internal magnetic field. Mercury has no stable atmosphere, but only a very tenuous exosphere; this is due to the planet's proximity to the Sun, its small size and mass (and therefore low surface gravity) and the very high temperature of its dayside surface. The planetary magnetic field is strong enough to create a magnetosphere, the cavity that results from the interaction of the magnetic field with the solar wind. Although this magnetosphere has similarities to the Earth's magnetosphere, the differences are both quantitative and qualitative. Its size, relative to the planet, is much smaller than that of the Earth's; this leads to considerable differences in the time constants and scale sizes of the plasma processes. Additionally, the absence of a stable atmosphere at Mercury and, consequently, the absence of a conductive ionospheric layer above the planet, means that it is unclear how the electrical currents that are involved in the formation and dynamics of the magnetosphere are closed around Mercury. It is evident that magnetospheric phenomena at Mercury have more intimate relationship with the planet and in particular its surface than in the case of the Earth. The magnetospheric models that are based on the important but limited observations by Mariner 10 are reviewed and discussed in section 6. A significant difficulty in learning more about Mercury, even in the space age, is the location of the planet, deep in the gravitational well of the Sun. A considerable amount of energy is needed to reach it with a spacecraft launched from Earth, and a further large amount is required to place the spacecraft into orbit around Mercury. As a result, no space mission has visited Mercury since the pioneering flybys of Mariner 10. An additional difficulty for space missions to Mercury is the very hostile thermal environment of the planet. Not only is the orbit close to the Sun: a practical consequence of the relatively slow rotation period and its resonance with the orbital period is that a Mercury day (the period between two epochs when the Sun is seen at zenith from the same point on the surface) is in fact two Mercury years, or about 176 Earth-days. This means that its sunlit surface reaches very high temperatures (up to more than 400
• C), while its nightside cools down considerably (to less than −100 • C). However, two space missions are now under development, one by NASA and one, jointly, by the European Space Agency (ESA) and the Japan's Institute of Space and Astronautical Sciences (ISAS). These two missions, described briefly in section 7, will place three orbiters around Mercury, and even a small craft to land on the surface of the planet is being envisaged. It is expected that the range of observations that will be made by these space missions will bring, at the end of the decade, a significantly better understanding of most aspects of this planet.
The renewed interest in Mercury in the past years stems from the recognition that the history of the terrestrial planets, the Earth, Venus, Mars and Mercury itself, needs to be understood, as a whole, to make progress in understanding the formation of planetary systems more generally. These planets represent a unique family, a group of relatively small planetary objects, close to our star, the Sun; such planetary systems are unlikely to be discovered around other stars in the foreseeable future. All these planets have their own special histories, resulting in the apparently large differences that can be seen today; but Mercury is, among the terrestrial planets, the least known and least understood of the family. The solar system remains, despite the discovery of an increasing number of planetary objects around other stars, the true prototype of a planetary system. It is the only one to which we have a direct access; indeed it is likely to remain for the foreseeable future the only planetary system that we can study and understand in detail as well as a whole.
Orbital motion and spin-orbit coupling

History of observations and their interpretation
Among the planets, Mercury is one of the most difficult to observe optically, due to its small luminosity and especially to its proximity to the Sun. As a consequence, unreliable map drawings, and some preconceptions, led to wrong conclusions about the dynamical state of the planet, which survived for almost a century.
At the end of 19th century, Schiaparelli (1889) made multiple observations of the planet. His tentative mapping of the planet's surface allowed him to conclude that, in contrast to previous speculations, Mercury is rotating very slowly, at a rate comparable to its orbital angular frequency. More precisely, he claimed that the rotation period was exactly the same as the period of revolution of the planet around the Sun, i.e. that Mercury was locked in a synchronous state. Schiaparelli's conclusion was confirmed and supported by many other observers in the last century (for a complete account of these observations and their interpretation, see Colombo and Shapiro (1966) , Cruikshank and Chapman (1967), Chapman (1988) ). One reason behind their mistake was probably that the most favourable conditions for observing the planet are separated in time by three synodic periods, in addition to the fact that the rotation, orbital and synodic periods are almost exactly in a 6:4:3 resonance (see figures 2 and 3). Thus, after this time interval, the same features of the planetary surface appear to the observers to be almost exactly in the same place, and therefore assuming a synchronous state seemed a quite obvious inference. This wrong conclusion may be considered a rare case in science where the Occam's razor argument can be misleading. After all, it would have taken an imaginative mind to guess that the same set of observations could have been explained by a rotation state resonant but not synchronous. It should also be reminded that another occurrence in our solar system of a non-synchronous spin-orbit coupling is yet to be found. Thus, this blunder survived until the mid 1960s, when radar observations (Pettengill and Dyce 1965) produced the first conclusive evidence that Mercury is rotating three times on itself in exactly the time it takes to make two revolutions around the Sun. Figure 4 shows the apparent motion of the Sun, as seen in a reference frame centred on Mercury and rotating with the planet's spin rate. Note that it takes two revolutions to close the curve. In the small loop at perihelion the orbital angular velocity becomes larger than the spin angular velocity, causing the Sun to move on a retrograde orbit for a short interval of time. This fact has important consequences for the long term effects of the tidal force from the Sun, as discussed below. Another peculiarity of Mercury's orbit is that its eccentricity (e = 0.2056) is just large enough to make this loop appear. Any eccentricity smaller than ∼0.20 would in fact cause the Sun to slow down and then start again in the same direction, without any retrograde phase. The planet is at the centre, with its long axis along the x-axis. Due to the spin-orbit resonance, the path is closed after two revolutions. Small circles on the path corresponds to equal intervals of time. Note that during a brief time interval at perihelion, the Sun's apparent motion becomes retrograde.
Librations
Colombo (1965) and Colombo and Shapiro (1966) demonstrated how the rotation rate can be exactly 1.5 times the mean orbital angular frequency, as a result of a non-zero eccentricity and a small permanent asymmetry in the equatorial plane of the planet. Goldreich (1968) and Goldreich and Peale (1968) considered the problem of the probability of being captured in the 3:2 resonance, as the planet is tidally despun. Let us assume that Mercury's spin axis is normal to its orbital plane, and that the principal moments of inertia are A, B, C, with A < B < C, where C is the moment about the spin axis. The Sun exerts a torque along the spin axis, with magnitude
where M is the solar mass, R p the Sun-Mercury distance, and ψ the angle between the planet's equatorial long axis and the direction to the Sun (see figure 5 ). From figure 5, the rotation angle in inertial space is θ = f + ψ, where f is the true anomaly of the planet in its orbit around the Sun. The torque gives the rate of change of the spin angular momentum
Since Mercury's spin is in a 3:2 resonance with the orbital angular frequency, we introduce the libration angle as
3) where M is the mean anomaly. From (2.1)-(2.3) we obtain
Mercury
Reference axis Figure 5 . The geometry of the torque. Mercury's long axis makes an angle θ with the inertial reference axis, and an angle ψ with the direction to the Sun. f = θ − ψ is the true anomaly of the planet. Because of the resonance, the uniform rotation rate isθ ≈ 3 2 n. (2000)).
Note that the factor R −3 p in (2.4) is time dependent, due to the non-zero eccentricity of Mercury's orbit. We can replace it with the constant semiaxis a using (Kaula, 2000) 
where the G 20q are functions of the eccentricity alone, and are listed in table 2. By using (2.5) in (2.4), and by replacing derivatives with respect to time with derivatives with respect to M (indicated with a prime), we finally get
where α ≡ (2.7) Equation (2.7) is a pendulum equation, the solution of which oscillates with a period P (2αG 201 ) −1/2 revs 66 revs. We note from the expression of G 201 (e) given in table 2 that, as first pointed out by Colombo (1965) , e = 0 is a necessary condition for the stability of the 3:2 resonance, as is the requirement that B = A. Also, since G 201 (e) > 0, the stable librations are around γ ≈ 0, which means that the planet's long axis points towards the Sun at perihelion.
Short period librations of frequency multiple of the orbital frequency can be studied by replacing the appropriate expressions for G 20q (e) in (2.6). In particular, the amplitude of librations with a periodicity equal to the orbital period is Other, shorter period librations are smaller than this by a factor O(e) or more, so that the 88 day libration is indeed dominant. Figure 6 shows the periodic modulation of the libration angle over three orbital periods. Note that the short period librations, contrary to the long period ones, contain a forcing term, and do not damp to zero in presence of internal dissipation.
Tidal effects
So far, we have neglected the tidal effect of the Sun on the shape and internal mass distribution of Mercury. The tidal potential can be written as
where
, and ζ is the angle between the observing point and the direction to the Sun, measured from the centre of the planet. In order to determine the shape of the planet, the centrifugal force should also be taken into account. This force can be derived from the potential
where q r ≡θ 2 R 3 /Gµ = −3q t /4 10 −6 and φ is the latitude. However, since the rotation is uniform, no periodic terms arise in the centrifugal potential, which can therefore be neglected. Thus, a point on the surface of the planet is subject to a periodic perturbing potential, which to first order in e is given by
where is the longitude. Note that this periodic term does not goes to zero with the eccentricity. This is due to the fact that the Sun, as seen from a point on the planet's surface, is not in a fixed position, as, for example, the Earth is with respect to an observer on the Moon. Thus, if Mercury is not perfectly rigid, a periodic modulation of the second-order gravity field harmonics will be created by the tidal effect. By equating the perturbing potential to the harmonic expansion of the gravitational potential (at the surface), these variations can be expressed as a time dependent contribution to the second-order coefficients
where k 2 is the Love number, a measure of the elasticity of the body. Finally, the tidal asymmetry in the equatorial shape can be obtained from equations (2.12b) and (2.12c)
and inserting (2.13) in (2.1) we obtain the tidal torque
where the lag angle δ takes into account a delay in the time of the high tide, which implies that the bulge is carried forward with respect to the subsolar point, except at perihelion, where the converse happens (since during this short phase the Sun's apparent motion is retrograde, see figure 4 ). This displacement is due to the presence of friction, and can be shown to be related to the parameter Q, the fractional energy dissipated during one tidal cycle, by sin 2δ ∼ 1/Q. Note that the tidal torque is not able to affect the stability of the 3:2 spin-orbit resonance, provided that the permanent (i.e. non-tidally driven) bulge satisfies
Thus, we can conclude that the torque acting on the permanent deformations dominates, and causes the preferred orientation of Mercury. However, the tidal torque still plays an important role in determining the probability of capture into the particular 3:2 resonant spin state. The reason is that, as explained above, the lag angle δ changes sign during the sun's retrograde phase, leading to a term in the average tidal torque proportional to the sign ofγ . Goldreich and Peale (1966) showed that this kind of torque is necessary in order to stabilize the planet's rotation in the 3:2 resonant state, or otherwise the planet would continue evolving towards the more diffuse 1:1 resonance. However, the precise probability of capture is quite model dependent, so that it is difficult to draw definitive conclusions on the likelihood of the present rotation state of Mercury. Also, we cannot exclude the possibility that, in the past, Mercury had been temporarily trapped in higher order resonances, which were not stable enough against cataclysmic (e.g., meteor impact) or planetary perturbations. This picture is further complicated by the probable chaotic behaviour of Mercury's orbit, especially its eccentricity, during the long-term evolution of the solar system (Laskar 1994 ). To summarize:
(i) the 3:2 resonance is due to permanent deformations on the equatorial plane, and to the non-zero eccentricity; (ii) tidal torque by itself is not able to produce a non-synchronous resonance. In contrast, it could prevent reaching or maintaining it if the permanent deformations were not large enough; (iii) the probability of capture in the 3:2 resonance depends crucially on the functional dependence of the tidal torque on the rateγ .
Cassini's laws
In 1643 Cassini summarized the Moon's rotational motion in three empirical laws:
(i) the rotation period is synchronous to the mean orbital period; (ii) the angle between the spin axis and the normal to the ecliptic is constant; (iii) the spin axis, normal to the orbital plane, and normal to the ecliptic are always coplanar.
The first law is a consequence of tidal evolution, and, as we have seen, is also valid for Mercury, provided that we replace the word 'synchronous' with 'commensurate'. Colombo (1966) and Peale (1969) considered a generalization of the other two laws, by studying, in general, the motion of the rotational axis of a rigid body subject to a gravitational torque. By making use of (2.2), written in a reference frame precessing with the orbital plane, it is possible to show that the second and third laws are obtained as extremes in the energy of the system. Since the energy involves both the spin and orbital angular momenta, the minimization is achieved through tidal interaction between the primary and the orbiting body. In particular, for the Mercury-Sun system there are three stable positions for the spin axis, and Mercury is getting close to position 1, where the spin axis and the normal to the orbit are on the same side of the normal to the ecliptic, and precessing around it at the same rate. Moreover, in general, the integral of the motion provides a relationship between the obliquity θ (the angle between the spin axis and the normal to the orbital plane), and the moments of inertia factor (C − A)/A, with a small contribution from the quantity B − A due to the orbital resonance 1 . Thus, as suggested by Peale (1969) , a measure of the obliquity of Mercury would provide a direct measure of the factor (C − A)/C, with a small uncertainty related to the equatorial asymmetry B − A. When combined with the gravitational measurements of J 2 (C − A)/µR 2 and
2 , this method would finally give the important quantity C/µR 2 . In addition, Peale (1969) suggested combining the obliquity and gravitational field measurements, with that of the 88 day libration amplitude, given by (2.8), in order to obtain information about the nature of the liquid core. The basic assumption here is that the observed libration only refers to the mantle, provided that the latter is decoupled from the core. In other words, the factor C that appear in (2.8) should actually be replaced by C m , the mantle contribution to C. The other implicit assumption in Peale's proposal is that (B − A) m ≈ (B − A), i.e. that the core is axially symmetric. Under this scheme, the ratio C m /C 1 can be determined by combining the different measurements of gravity field, obliquity, and short-term librations.
Gravity field of Mercury
The third Mariner 10 flyby was designed at low altitude and without occultations, in order to be able to determine the gravity field of the planet. Besides the mass, no other information was available before then, and no other gravitational measurements could be made since. Thus, our knowledge of the gravitational field is still quite inaccurate, and can be summarized in the following gravitational parameters (Anderson et al 1987) , quoted in table 1:
The measured value of J 2 is considerably larger than its value in hydrostatic equilibrium, of order q r ≈ 10 −6 , meaning that a large nonhydrostatic component is present, at least at the present epoch. Note that the gravitational measurements do not provide a direct measure of the moments of inertia, but only of their differences. For example, from the nonzero value of C 22 , we can conclude that the equatorial moments of inertia are unequal, in agreement with the dynamical argument from section 2.2. In particular we find (B −A)/µR 2 = 4C 22 4×10 −5 . As far as the largest moment of inertia is concerned, differentiated models give C 0.34 µR 2 . Note that C = 0.4 µR 2 exactly for a Maclaurin spheroid of constant density. More generally, since the density decreases towards the surface, C is slightly smaller, and can be obtained from the Radau-Darwin relation and the knowledge of J 2 , if the planet is in hydrostatic equilibrium. In the case of Mercury, a non-hydrostatic planet, a dynamical measure of C is possible with the method outlined in section 2.4, i.e. using the measured values of J 2 , C 22 and obliquity.
A laboratory for relativistic physics
Thanks to its significant orbital eccentricity and proximity to the Sun, Mercury provides, through the study of its orbital motion, an excellent opportunity to test the theory of GR within our solar system. Indeed, the relativistic perihelion precession (see below) represents one of the most famous classical tests of the theory, and the only one involving relativistic effects on massive bodies-all other classical tests being based on light propagation effects only.
Since Mercury, as all solar system bodies, moves slowly (compared to the velocity of light c) in a weak gravitational field, its motion can be accurately described by Newtonian Physics. Relativistic effects amount just to small corrections to the classical keplerian elements. In the slow motion and weak field limit appropriate for describing the solar system's dynamics, all metric theories of gravity, including GR and alternative relativistic theories, can be described within a single theoretical framework, the so-called parametrized post-Newtonian (PPN) formalism. In the PPN formalism, all theories assume the same form, the only difference between them being in the values of a few PPN parameters (see ). Basically, only two of such parameters, γ and β, appear in the equations of motion for Mercury. They describe, respectively, the curvature of space-time produced by unit rest mass, and the amount of nonlinearity in the field equations. These two parameters are both equal to unity in GR, but can differ significantly in alternative theories of gravity, such as the Brans-Dicke theory. Other PPN parameters can be neglected, because of the small ratio 2 µ/M ∼ 2 × 10 −7 . Using the PPN formalism, it can be shown (see, e.g., ) that a body orbiting the Sun is subject to a small perturbative acceleration given by (we take c = 1 hereafter)
where m ≡ GM , r is the position vector of the body, and v its velocity. This acceleration acts in addition to the usual Newtonian term −m r/r 3 . We indicate with R the component of δa along the radial direction from the Sun, W the component normal to the orbital plane, and S the remaining component orthogonal to R and W. One finds, from (3.1)
The variation of the keplerian orbital elements (a, e, I, , ω, χ ≡ nt) can then be obtained from the classical Lagrange's variational equations (Roy 1982) 
We can now integrate equations (3.3a)-(3.3f) to obtain the variations of the orbital elements, as function of time or true anomaly. A rather lengthy calculation gives
where the symbol means the change in some quantity between the reference epoch (t 0 , f 0 ) and the present time t, and E is the eccentric anomaly. The four non constant orbital elements are shown in figure 7. Note that there is no longterm effect on a and e, while the perihelion precesses secularly at the quite famous ratė
The relativistic precession corresponds to a displacement of the perihelion position of about 29 km during one orbit. The existence of an anomalous precession of Mercury's orbit has been known for a long time, since Le Verrier's pioneering work in the 19th century. Newcomb (1882) reanalysed the recorded transits of Mercury, and concluded that 'the discordance between the observed and theoretical motions of the perihelion of Mercury, first pointed out by Le Verrier, really exists, and is indeed larger than he supposed . . . . It follows that the observed centennial motion of the perihelion of Mercury is greater by 43 than the theoretical motion computed from the best attainable values of the masses of the planets'. He even suggested that the law of gravitation would need to be modified, e.g., by adding terms varying 'as the inverse third or fourth power of the distance'. The success of GR in explaining the orbital precession of Mercury has not been universally accepted without challenge, because of the presence of the solar quadrupole moment. In fact, it can be shown that the solar J 2 also produces a secular precession of the orbit, at a ratė
Unfortunately, J 2 of the Sun has never been directly measured. However, if the Sun is rotating as a rigid body, then J 2 10 −7 , and therefore its effect onω would be negligible. Recent helioseismic measurements, along with the use of complex solar models, provided J 2 2 × 10 −7 (Pijpers 1998) , in good agreement with the rigid rotation hypothesis. It is therefore reasonable to assume that the contribution toω from J 2 is marginal. Under this assumption, extensive measurements of Mercury's relativistic precession have indicated that (2 + 2γ − β)/3 ≈ 1, the value predicted by GR, with a precision of ∼0.3% (Anderson et al 1991) . In order to separately constrain β and γ , however, results from other relativistic tests need to be taken into account (since, as stated above, classical tests based on light propagation effects determine γ alone). Alternatively, one could try to measure the periodic effects on the orbital elements, as given by equations (3.4a)-(3.4f). This could be done by accurate radio tracking of a Mercury orbiter. An obvious advantage of the orbiter is that it could also provide an independent and very accurate measure of the J 2 of the Sun, through its effect on the nodal precession˙ of the orbital plane, for which there is no relativistic counterpart. It is estimated that BepiColombo will provide J 2 with a precision of a few parts in 10 9 , which will lead to an improvement by two orders of magnitude in the measure of the relativistic parameters, along with a very significant constrain for solar interior models (Milani et al 2001b) .
Finally, we mention that Mercury also represents an ideal environment for studying other small relativistic effects, such as , Anderson et al 1997 :
(i) a time variation of the universal gravity constant G (the current upper limit on |Ġ|/G is 5 × 10 −12 year −1 ). (ii) Nordvedt violation of the strong equivalence principle (the parameter η which controls this effect is presently constrained to be |η| 10 −3 ). (iii) de-Sitter geodetic precession (which causes Mercury's orbital plane to precess at a rate ∼0.2 year −1 ; so far, only the analogous effect on the Moon has been verified). (iv) Gravitational redshift (currently tested with a precision 0.01%).
Mercury's surface
Superficially Moon-like, Mercury's surface is marked by cratering and (possibly) early volcanism, evidence for early shaping and evolution of the surface features that have remained unchanged over the past 3 or so billion years, in the absence of the kind of significant tectonic activity that reshaped the surface of Venus and the Earth. Only about 46% of Mercury's surface was imaged by Mariner 10, so that current conclusions concerning the formation and evolution of the surface are awaiting the confirmation that only a complete imaging survey will be able to bring. In fact, radar imaging of the unseen side of Mercury from Earth has provided a tentative evidence of a large volcanic dome (Harmon 1997) ; no comparable features exist on the side imaged by Mariner 10. This interpretation of the radar observations remains, however, uncertain; only the detailed imaging of the planet by he forthcoming space missions can resolve whether Mercury's unseen surface brings unexpected surprises as was the case with the Moon.
The Mariner 10 images have been extensively studied in order to establish the cratering history of the planet (Strom and Neukum 1988, Neukum et al 2001) . The late heavy bombardment (LHB) following the formation of the planets, between about 4.5 and 3.8 Ga (billion years) before the present, left Mercury's surface marked by a distribution of craters similar to that of the Moon, but with a number of notable differences that have remained largely unexplained, or at least could be explained by several alternative scenarios. A typical picture of the Mercury surface is shown in figure 8 , as photographed by Mariner 10; this picture illustrates the cratered surface, as well as the transition to smoother, undulating plains. The origin of these intercrater plains, the most frequent type of terrain on Mercury, is uncertain, although they are generally considered to be of volcanic origin, rather than basin ejecta. Their estimated age, 4.2-4 Ga, coincides with the period of LHB; the state of Mercury at that time was likely to facilitate the widespread volcanism that would explain the age and spread of the intercrater plains (Spudis and Guest 1988) . In this context, volcanism should be envisaged as the widespread flooding of the surface by subsurface, molten, volcanic lavas that emerged, rather than erupted, through the fractures in the relatively thin lithosphere. It is this process, rather than the more commonly understood formation of volcanoes and volcanic eruptions that are likely to have formed the smooth plains on much of Mercury's surface.
A good example, when comparing the cratering (and related) features of Mercury and the Moon, is the Caloris basin, if not the largest, the best-preserved and most complex impactgenerated structure. Its diameter is about 1300 km, although only about half of it was imaged by Mariner 10. The Caloris basin is illustrated in figure 9 . A strong similarity has been found between the Caloris ring system and that of the Imbrium basin on the Moon; both have the same morphology of six concentric rings, and both have smooth plains surrounding the main basin rim. It is this similarity that led to the suggestion that the smooth plains on Mercury, as the lunar maria, are of volcanic origin, in the sense described above, filling in the features left by the impacts that led to the formation of the basins. The Caloris impact is considered to be the most important such event in the history of Mercury. It was probably the last major impact, sufficiently violent to have led to widespread seismic activity and to the formation of the disturbed terrain on the opposite side of Mercury (see, e.g. Spudis and Guest (1988) and references within).
A particular feature of Mercury's surface is the presence of lobate scarps that intersect pre-existing features, such as older craters. The lobate scarps have the form of elongated ridges of 1-2 km high and are thought to be thrust faults, evidence of tectonic activity and the contraction of the planet, as its core cooled down. One of the most prominent examples found in the Mariner 10 observations is shown in figure 10 . It is generally considered that Mercury's radius was reduced by more than 1 km (estimates range from 1 to about 5 km) in that process (Solomon 1977) . Although tectonics have not played a major part in Mercury's history, signs of various tectonic activity, considered in the global history of the formation and evolution of the surface, provide important clues to the details of that history and also shed light, if indirectly, on processes that occurred as the crust and mantle reached their present state (e.g. Thomas (1997) ). The presence of a molten outer fraction of the core (see below) may mean that as the core is still cooling down, the process of contraction is continuing, albeit on geological timescales.
Mercury's regolith is likely to be more mature than the Moon's, with smaller grain sizes and a larger proportion of glassy particles (Langevin 1997) than that of the Moon. All the processes that are known in weathering planetary regoliths are likely to be more intense at Mercury. These include solar radiation, occasionally impacting solar wind particles, solar energetic particles; both the flux of solar photons and energetic particles is up to an order of magnitude higher than at the orbit of the Moon. As discussed in section 6 below, the existence of the magnetosphere and the absence of an ionosphere imply that there must be electrical currents that may involve the surface layers of Mercury. The role played by the regolith in these magnetospheric currents is unclear, but it may provide an important connection between characteristics of the planetary surface and Mercury's magnetosphere.
Earth-based radar studies have contributed in several ways to our knowledge of Mercury, beyond the crucial discovery of its rotational period, the consequences of which have already been discussed in detail. Radar has also been used to establish a range of topographic features, as illustrated in figure 11 . The discovery of the likely presence of volatiles, possibly water ice, near the poles by ground-based radar observations is a remarkable result (Slade et al 1992) . Given the very small obliquity of Mercury (the axis of rotation is very nearly perpendicular to the orbital plane, unlike for the Earth, see table 1), it was proposed that some of the craters near Mercury's poles remain in permanent shadow and can retain volatiles deposited in them by impacting comets. Radar images of the regions near the poles have shown very bright features consistent with water ice; a detailed examination of the features was able to match the radar images with those craters that had been imaged by Mariner 10 (Harmon et al 1994 , Harmon 1997 ). It is not as yet excluded that other ices can also exist in the very low temperatures (∼70 K) that have been estimated for the permanently shadowed portions at the bottom of craters near the poles. The discovery of significant amounts of water ice in the polar regions of the Moon (Feldman et al 1998) reinforces the interpretation of the radar observations of Mercury, although the evidence for the interpretation of the radar data in terms of water ice comes primarily from the similarity of the radar scattering properties with those from Jupiter's icy satellites (Callisto, Europa and Ganymede) and from the martian ice caps. It should be noted, however, that there are no equivalent enhanced backscatter radar observations for the presence of water ice on the Moon where the evidence comes from measurements by the neutron spectrometer on the Lunar Prospector mission indicating a concentration of hydrogen near the polar regions (Feldman et al 2000) .
Recent, high-resolution radar observations of Mercury's polar regions have yielded further detail on the locations of anomalous radar echoes and their possible explanations (Harmon et al 2001) . Given the improved resolution of these observations (at 1.5-3 km better by a factor up to 10 than the earlier observations), the sources of the anomalous echos could be located and studied in considerably greater detail. Generally speaking, the previous observations have been confirmed; on the side imaged by Mariner 10 all the echoes could be identified with specific craters, but, in addition, shadowing patterns within the craters could be distinguished. Furthermore, new features, at latitudes well away from the polar regions, have also been identified, implying the presence of water ice (or some other volatile) in craters at latitudes as low as 75
• as well as from craters of small (∼10 km) diameter. The presence and survival of volatiles in such a wide range of locations implies their efficient retention and protection that have not yet been fully explained. A range of possibilities remains that only further observations, allied with a better theoretical understanding and modelling of the scenarios that have been proposed for the retention of volatiles can resolve. A really crucial additional information in this context would be the identification of the volatile(s) that cause the observed radar echos by new observations; while the general expectation is that such observations would confirm that it is water ice as implicitly assumed above, other, more exotic explanations cannot at present be completely excluded (Harmon et al 2001) .
The question whether lava flows formed the smooth plains is closely related to the geochemical composition of Mercury's surface and its evolution; the composition, however, is only very poorly known. Some of the Mariner 10 images were re-analysed by Robinson and Lucey (1997) , using two recalibrated spectral channels of the Mariner 10 camera, in an attempt to determine compositional differences on the surface that could be related to topographical features. They were able to establish that there was a likely difference in the composition of the minerals around the crater they studied (Rudaki) that corresponded to surface features that could be attributed to lava flows. Similarly, a larger crater, Homer (320 km in diameter) has apparent compositional differences around it that are consistent with volcanic activity, also supported by the absence of impact features. Despite the very thorough analysis of the available evidence provided by these pictures, the conclusions concerning lava flows and volcanic activity remain tentative.
Another way to study Mercury's surface composition is provided by infrared and microwave observations made from Earth. All such observations are made under very difficult conditions, with generally poor spatial resolution, which make the conclusions highly tentative; however, until detailed imaging becomes available from the forthcoming space missions, it is these ground-based observations that provide the only new evidence concerning Mercury's surface composition. Jeanloz et al (1995) found strong evidence for the absence of basalt on Mercury's surface; this is significant because elsewhere on the terrestrial planets basalt is the most important material indicating the state of differentiation between the planets' core and mantle. The conclusion drawn from this finding, the absence of extrusive volcanism, may also imply that the heat loss from the interior that would occur through volcanism did not occur in the case of Mercury and contributed to retaining a hot interior for the planet.
Mid-infrared observations (Sprague et al 1997 (Sprague et al , 2000 have also provided information on the presence of varieties of plagioclase feldspar on the surface of Mercury, and indications of pyroxene. A considerable amount of effort has been made to compare lunar spectra and laboratory spectra of different compositions to those obtained from Mercury's surface. The objective of this research is to document the surface composition in as great detail as is possible from these ground-based observations, with a view to establish constraints on the evolution of Mercury's surface and the internal and external processes that led to its present state. The conclusion that Mercury is a highly differentiated planet appears to be well established, with significant differences found between the Moon and Mercury in terms of the detailed composition of the surface, although the processes that led to this differentiation remain poorly understood.
Despite the remarkable progress made in understanding Mercury's surface from the more than 2500 images taken during the three Mariner 10 flybys, the limits of that venerable archive have now probably been reached, although the new and sophisticated image processing techniques used by Robinson and Lucey (1997) have led to some interesting, if very tentative results concerning the classification of the Mercury surface features. The limitations of the resolution in the images, as well as the absence of spectroscopic discrimination constrain the conclusions that can be reached. Similarly limited by resolution, ground-based infrared and microwave observations continue nevertheless to provide new information on the composition of Mercury's surface and its similarities and differences with the lunar surface, in particular. The new space missions, with their ambitious imaging capabilities, as well their multispectral resolution, will bring the definitive opportunity to settle the major outstanding issues. Complemented by geochemical probing using γ ray detectors, as well as UV and IR images, a comprehensive study of Mercury's surface and its history can be undertaken. This wide range of observables will, of course, be complemented by complete coverage of Mercury's surface, much of it with overlapping images, and at least a significant fraction under different conditions of solar illumination.
Mercury's interior, evolution and magnetic field
The most striking feature of Mercury's interior, its very large iron core, is deduced from the density of the planet. Figure 12 illustrates the point, showing the significantly larger uncompressed density of Mercury, when compared to those of the other terrestrial planets and the Moon. A simple, two-component model of the interior gives the radius of the core as about 0.75 of the radius of the planet, compared to 0.49 for Venus, 0.54 for the Earth and 0.44 for Mars, as illustrated in figure 13 . The composition of Mercury is also anomalous, since the density implies an iron/silicon ratio about twice that of the other terrestrial planets. The state of the interior is not known; however, the discovery of the planetary magnetic field by Mariner 10 opened up the possibility that at least the outer part of the core is still molten, to provide the dynamo mechanism for the generation of the magnetic field. This is contrary to what had been expected prior to Mariner 10 and has led to an increasingly sophisticated modelling of the thermal evolution of the planet (Schubert et al 1988 , Spohn et al 2001 to explain the current state of the interior.
The existence of the large core, mostly of iron, is not in doubt. It is also generally accepted that, shortly after its formation, the core was liquid. Before Mariner 10's flybys, it was thought that as the planet cooled, its mantle and crust formed and, due to its small size, the cooling rate should have solidified the core probably as early as 500 million years after its formation, assuming an iron core. However, if the magnetic field is generated by a still functioning internal dynamo (as in the case of the Earth) then the core cannot be completely solid, as dynamo theory requires a convecting and rotating liquid layer in the outer core. The only way, apparently, to delay the expected solidification of the core is to assume a small fraction of sulphur mixed with the iron to form a eutectic alloy with a much lower melting temperature. This is quite a reasonable assumption, as there were such volatiles present at the time of the formation of the terrestrial planets.
If sulphur is indeed present, even a small amount will lead to the formation a molten layer at the core-mantle boundary where the temperature is likely to exceed that of the eutectic of the iron-sulphur system. It is still unclear what fraction of sulphur is likely to be present in Mercury and hence the likely thickness of the molten outer fraction in Mercury's core is unknown, although it must be capable to generate the observed internal magnetic field. There are several reasons for this uncertainty. As examined recently by Harder and Schubert (2001) Mercury Venus Earth Mars Figure 13 . The four terrestrial planets and their cores, to scale. The size of Mercury's core is inferred from its large density, and is calculated assuming a mostly iron core and a silicate mantle.
Mercury's interior, in particular the exact size of the core is really unconstrained by our current knowledge of Mercury (although we know that it is a large fraction of the radius). The gravity probing that was discussed in detail in section 2 is essential for further progress, in particular the precise measurements of the moment of inertia of the planet. The amount of sulphur in Mercury's core is also unknown. One of the related and quite fundamental problems is the formation of the planet (Cameron et al 1988) . The question whether Mercury was formed at its present distance from the Sun is an important one, as the theories that provide models for the early solar nebula, its composition, density and temperature distribution depend on our understanding of the formation of the terrestrial planets and their evolution to their present state. The concentration of volatiles, such as sulphur (the key to Mercury's internal structure), at the time of the formation of the planets is an important consequence of the scenarios that can be envisaged for the solar nebula and the formation of Mercury (Lewis 1988 ). An additional possibility for the current state of Mercury (with its very high density and large core) is a catastrophic impact that removed a large part of the outer, silicate shell, leaving the already formed core with a much thinner mantle (Wetherill 1988 ).
In the absence of sufficient data on Mercury's gravitational field, the planetary scale magnetic field provides the strongest constraint on Mercury's interior. It is relatively weak, Figure 14 . The correlation between the magnetic dipole and quadrupole moments of Mercury, determined from different analyses of the Mariner 10 flyby data (after Connerney and Ness (1988) and references therein). The different determinations cannot independently yield these two terms, but provide different values under different assumptions concerning the location of the dipole and the interpretation of magnetospheric models.
with a dipole moment of about 300 nT R 3 . Energy considerations of the strength of the dynamo, based on the current interior models (Spohn et al 2001) , imply a larger magnetic field, maybe by as much as an order of magnitude or more. Although some care must be exercised in interpreting this conclusion, it is clear that Mercury's internal structure is not sufficiently constrained, nor is the hydrodynamic dynamo sufficiently well understood to explain the limited Mariner 10 observations. One of the limitations of the Mariner 10 data set is that spatial aliasing, inherent to the limited measurements made along the flyby trajectory of the spacecraft, makes the interpretation of the structure of the magnetic field ambiguous. In particular, it is not possible to distinguish uniquely the relative magnitudes of the dipole and quadrupole terms of the planetary field (Connerney and Ness 1988) . The different interpretations of the observations, dependent on assumptions concerning, in particular, the contribution of magnetospheric currents (see below), is illustrated in figure 14 (after Connerney and Ness (1988) ).
It is clear that the constraints on Mercury's interior models need to be reinforced by more comprehensive measurements of both the magnetic field and of the gravitational field of Mercury. A full mapping of the magnetic field is required, to derive not only the dipole and quadrupole terms, but also the higher order terms which are needed for discriminating between the possible models of the origin of Mercury's internal magnetic field. Given the likelihood that Mercury's magnetic field originates in either the outer layers of its core or at the coremantle boundary, such a field should produce measurable higher order terms (e.g., the model proposed for a thermoelectric dynamo, Stevenson (1987) ). The modelling of the measurements performed on simple current systems in Mercury's interior (Giampieri and Balogh 2001a) indicates that the presence of the magnetosphere and its current systems will affect the accuracy with which the internal terms can be determined, even by an orbiting spacecraft.
However, further modelling has shown that magnetic field measurements to be made on the more closely circular orbit of the BepiColombo Planetary Orbiter are likely to yield the coefficients of the magnetic field to order 10 or higher. This, together with the gravity field measurements, will allow identifying the conditions at the core-mantle boundary, and examining the possible operation of the thermoelectric dynamo (Spohn et al 2001, Giampieri and Balogh 2001b) .
As explained in great details in section 2, quantitative constraints on Mercury's internal structure will come from the determination of the lower order terms of the spherical harmonic expansion of its gravitational potential (Spohn et al 2001 , Milani et al 2001a . Particularly useful will be monitoring the periodic modulation of the gravitational harmonics, given by equations (2.12a)-(2.12c), which will provide a measure of the Love number k 2 . This number is defined as the ratio between the time-dependent deformation of the gravitational potential of the planet and the external potential that leads to the deformation; in effect, it measures the tidal response to the solar gravitational potential. Modelling the Love number will yield, in turn, constraints on the thickness of the fluid layer of the core and to estimates of the viscosity of the mantle. The higher orders of the gravitational potential will provide information on the inhomogeneities in the mass distribution of the mantle as well as the likely non-uniformities at the core-mantle interface (Milani et al 2001a) .
Mercury's environment: the exosphere and the magnetosphere
There is no stable atmosphere around Mercury, unlike around the other terrestrial planets. In that respect, Mercury is similar to the Moon, just as there is a strong similarity between their surface features. There is, however, a tenuous exosphere, in which the constituent atoms have very large mean free paths; densities are low and highly variable. The total column density is probably less than 10 12 cm −2 . The existence of three elements, O, H, He, was established during the Mariner 10 flybys; the presence of Na, K and Ca was detected by ground-based observations. Other elements, such as Al, Fe, Mg, Si, are also expected to be present. Volatiles, such as S and OH, could also contribute to the exosphere.
Since the discovery of Na and K in the exosphere (Potter and Morgan 1985) , many further observations have established that their densities are highly variable both in time and (since increasingly better resolved images have been obtained) also in location above the surface (Potter and Morgan 1997) . Typical densities are about 2 × 10 4 cm −3 for Na and 10 3 cm −3
for K with variations up to a factor 10 around these values. Their origin, apparently large abundance and variability cannot easily be explained, but could perhaps be linked to specific variation in their abundance in the surface material from which they are emitted. Once in the exosphere, these atoms (similarly to other constituents of the exosphere) are photoionized by solar radiation and a significant fraction is then accelerated away in the electric fields associated with the magnetosphere (see below). This means that the sources in the surface need to replenish the supply in the exosphere continuously. There is evidence for significant variability between the dayside and nightside exospheric densities and composition, as well as for apparently privileged regions above Mercury, which may be related to surface features such as the Caloris basin and the volcanic dome identified by the radar observations. The sources and sinks of the exospheric atoms have been widely debated. The physical processes that are likely to play a role have been identified, such as the loss though photoionization that has already been mentioned. Their relative importance, however, cannot be established with any certainty at this stage. The origin of hydrogen and helium in the exosphere is almost certainly the solar wind, but, for Na and K, processes that involve the surface need to be considered. Sputtering either by solar photons or solar particles certainly plays a role, as does the impact vapourization of micrometeorites. An interesting and potentially important source of, for instance, Na atoms is the sputtering of the surface by charged particles, primarily protons, energized in magnetospheric processes (Ip 1986 (Ip , 1993 . This process provides not only a link between Mercury's magnetosphere and exosphere, but could potentially be used as a diagnostic of magnetospheric activity, in particular substorms. There is tentative evidence that one of the spatial inhomogeneities in Na concentration in the exosphere occurs as enhancements at mid-to-high latitudes (Potter and Morgan 1990) ; this would be expected if the energisation of charged particles occurs in the magnetospheric tail of Mercury. In particular, it is difficult to envisage other than magnetospheric effects that could lead to the rapidly changing Na concentrations in the exosphere (Potter et al 1999) .
The Mariner 10 observations during the two close flybys of the planet (Mercury I and III) clearly showed the existence of a magnetosphere, the result of the interaction between the planetary magnetic field and the solar wind (see Russell et al (1988) for a review). The specific features of the Mercury magnetosphere that were identified in the Mariner 10 observations included recognizable similarities to the Earth's magnetosphere, as shown in figure 15 , taken from the last Mercury flyby . There were recognizable crossings of the bow shock, formed by the obstacle that constitutes the planet's magnetic field in the supersonic flow of the solar wind, and the magnetopause, the boundary between the compressed magnetic field and the flow of the solar wind plasma. The compression of the magnetic field was recognisable as a magnetosphere-like distortion of the planetary magnetic field (Suess and Goldstein 1979) . In addition, there were observations of magnetospheric particles (Simpson et al 1974 , Ogilvie et al 1977 , waves, and field-aligned currents (Slavin et al 1997) . During the first flyby, some of the magnetic field and particle observations appeared to provide evidence for a substormlike event (Siscoe et al 1975) . This is an eminently magnetospheric phenomenon in which the gradual build up of magnetic flux in the tail of the magnetosphere is followed by a sudden relaxation of the pressure as the magnetic field returns to a dipole-like configuration, and accelerated magnetospheric particles impact the planet at high latitudes (which, in the Earth's case, lead to extensive auroral activity).
Based on the Mariner 10 data, it is possible to derive tentative models of the magnetosphere's main boundaries: the magnetopause and the bow shock. The most obvious difference between the Earth's magnetosphere and that of Mercury is that the relative size of the hermean magnetosphere is small compared to the planet's radius. This is partly due to the small magnetic moment of the planet, and partly to the larger solar wind dynamic pressure at the distance of Mercury. The stand-off distance (from the planet's centre) of the magnetopause has been placed at about 1.3R, although a more discriminating study of the data from Mariner 10's two flybys showed that on the first one the stand-off distance may have been as little as 1.1R (Engle 1997) . A simple sketch illustrating Mercury's magnetosphere is shown in figure 16 .
Although the existence of the hermean magnetosphere is not in doubt, a simple scaling of the Earth's magnetosphere is likely to be somewhat misleading. This is due to the likelihood that the smaller scale of the magnetospheric structures at Mercury also make them highly time dependent, with major reconfigurations and distortions of the boundaries on short timescales compared to the terrestrial magnetosphere (Luhman et al 1998) . The significant differences of the observed magnetospheric structures between the two Mariner 10 flybys provide two samples of what is likely to be a very dynamic magnetosphere. Given the variability of the solar wind pressure, it is expected that there are periods when the hermean planetary field cannot prevent the solar wind from impacting on the surface of the planet, although MHD simulations of the interaction of the solar wind with Mercury's magnetic field (Kabin et al 2000) have indicated that this is likely to be a rare event. However, the very large magnetic fields carried Figure 15 . The magnitude of the magnetic field measured during the third flyby of Mercury by Mariner 10. The main boundaries, the bow shock and the magnetopause of the magnetosphere are identified in the figure, both as Mariner 10 entered the magnetosphere and on its exit. Near the closest approach to the planet, the mainly dipolar field of unquestionably internal origin is clearly recognizable (after Ness et al (1975) ). Figure 16 . A schematic view of the magnetosphere of Mercury, indicating its main regions and stressing its similarity to the Earth's magnetosphere. The small size of Mercury's magnetosphere can be judged from the indication of the size of the Earth. Although this figure provides a useful conceptual view, it cannot convey the highly dynamic nature of the magnetosphere, likely to be changing drastically in shape and size on timescales of minutes (from Slavin et al (1997) ).
by coronal mass ejections, together with their frequent orientation at large inclination to the ecliptic plane, clearly makes such an event a certainty, probably several times in any solar cycle. The partial collapse of the magnetosphere may occur more frequently, although the phenomenological description of such an event, in the current state of our understanding of the hermean magnetosphere, could only be very tentative.
Nevertheless, the study carried out by Luhman et al (1998) has yielded interesting conclusions concerning the dynamics of the hermean magnetosphere. By scaling a model of the Earth's magnetosphere, that includes the effects of the direction of the interplanetary magnetic field, to the case of Mercury, and using a reconstructed interplanetary magnetic field time series data, it was possible to reproduce a particularly disturbed period in the Mariner 10 observations. The underlying assumption, and the conclusion from this modelling, is that magnetospheric structures at Mercury respond directly to changing interplanetary conditions, without the delay that is normally involved in substorms in the Earth's magnetosphere. As there is little scope for storing large amount of magnetic flux in Mercury's magnetotail, the dynamics of the whole magnetosphere is regulated on the timescales of the driving interplanetary conditions, clearly different from the case of the Earth's magnetosphere.
A key question for magnetospheric studies at Mercury is the nature of the current systems. In the Earth's magnetosphere, large-scale current systems in the magnetopause and in the tail also involve the ionosphere, the electrically conducting layer of the outer atmosphere. In the absence of a stable atmosphere, no ionosphere can form in the terrestrial sense. Therefore the closure of the current systems remains a major unknown, but it is likely to involve, in a way that is unclear at present, the surface of the planet, as well as its exosphere. Given the fast timescales implied by the size of the magnetosphere and its response function to the solar wind, magnetosphere-induced currents in the hermean system must be able to respond fast to changing conditions. It is unclear, what part of Mercury's surface or exosphere can support the rates of change of currents that are implied by dynamical considerations.
It is not really possible to make observations of Mercury's magnetosphere from Earth, so that significant further progress and answers to the basic questions that concern its structure and dynamics will come only from the space missions that will orbit the planet about a decade from now. In the meantime, further modelling, using realistic assumptions that may examine different possible scenarios, will clarify the questions that will need to be answered concerning the dynamical processes in particular that may be considerably more dramatic than in the Earth's case. The Earth is relatively deeply embedded in its magnetosphere and further shielded by the electrically conductive ionosphere from the direct impact of even very large solar storms. Mercury's magnetic field is barely able to hold off the direct impact of even average solar wind flows from the planet's surface; under stormy conditions, around the maximum of the 11 year solar activity cycle, the magnetosphere may well be only a very week obstacle, often breached, with a resulting direct impact of the solar wind on the planetary surface. The dynamics of a partial, collapsing and reforming magnetosphere is currently beyond our conceptual understanding but provides a great deal of interest in what will be found at Mercury.
Conclusions and the forthcoming space missions to Mercury
Mercury is an important end-member of the family of the terrestrial planets. Its special orbit around the Sun has provided a great deal of insight into planetary motion and its disturbances by both classical and relativistic gravitational effects. In turn, Mercury has also proved to be a ready-made laboratory object for understanding and testing GR. The developments detailed in this review were intended to give a text-book like walk-through the relevant developments, to underline the intrinsic interest of Mercury in this context.
The planet retains many puzzles, concerning its origin, evolution and even present state. Its surface features, and even more its interior, are sufficiently different from all other terrestrial objects such as the Moon and, to an even greater extent, its three sister planets, that Mercury needs to be studied and understood in its own right. As always, the questions concerning its surface are intimately linked to questions on the interior, in particular the real state of its core and its composition. The cratered surface, smoothed possibly by lava flows 4 billion years ago, followed by contraction leading to the formation of the lobate scarps, needs to be better understood in terms of a more precise sequence of events. That will, in turn, require a better knowledge of the geophysical and geochemical properties of the surface. In any case, we really know only less than half the planet's surface, the unseen half may have sufficiently different features to lead to a revision of many conclusions when the surface as a whole can be judged; statistics about cratering, the extent of intercrater plains, the heights of contraction features could all be overturned when observations of the whole surface become available.
The questions concerning the planet's core, its state and the important boundary transition between the core and the mantle require a careful approach through the determination of the higher order gravity field terms, as well as the determination and interpretation of the source mechanism of the internal magnetic field. The standard way of investigating the interior of the Earth, though the careful analysis of seismic signals, is unlikely to be available for Mercury for generations to come, if ever. Gravity probing, on the other hand, is likely to be carried out on the forthcoming space missions; together with altimetric data, a relatively high accuracy can be achieved on the mass distribution inside Mercury.
It is generally thought that in Mercury's case there is a considerably more intimate and direct relationship between the planet and its magnetosphere than for any other planet in the solar system. Whether seen from the magnetospheric or planetary point of view, many of the question in either discipline rely on answers in the other for a satisfactory solution. The magnetosphere may well be highly unstable; this degree of dynamics is unknown in other space plasma environments. Understanding such a complex space plasma system presents a considerable challenge. Although many possible scenarios can be tested by numerical simulation, the real properties of Mercury's magnetosphere can only be established when considerably more direct observations will be available from orbiting spacecraft.
The most significant contribution to our knowledge and understanding of the planet Mercury remains that made during the three flying visits to it by the Mariner 10 spacecraft a quarter of a century ago. The difficulty to reach Mercury has prevented follow-up missions, but the two missions now being built are intended to increase our knowledge of Mercury enormously. In the following, a brief description of the two missions to Mercury is given, concentrating on their proposed instrumentation and their measurement objectives.
NASA's Discovery Mission, Messenger, is due to be launched in 2004, with a target date for insertion into Mercury orbit in 2009. It is a relatively small spacecraft that will make its observations in an eccentric orbit, in order to be able to cover both its planetary and magnetospheric objectives (Solomon et al 2001) . It will carry seven scientific instruments, and a radio science experiment that will use the spacecraft's telecommunication subsystems for the precise determination of the spacecraft's orbit around the planet (Gold et al 2001) .
Messenger's imaging system will provide multicolour coverage of the planetary surface, aiming at a resolution of about 250 m. The x-ray, γ -ray and neutron spectrometers will provide information on the geochemical and mineralogical composition of the surface; an atmospheric and surface composition spectrometer will determine the composition, density and temporal variability of the exosphere and its relationship with the surface. The altimeter, together with the radio science experiment, will provide topographical and gravity mapping. The magnetometer will map around the orbit the magnetic field which results from the superposition of the fields generated by the internal and external sources. Together with the energetic particle and plasma detector, the objectives of the magnetometer also include the study of the structure and dynamics of Mercury's magnetosphere.
The European Space Agency's BepiColombo Cornerstone mission will consist of three elements: the Mercury Planetary Orbiter (MPO), the Mercury Magnetospheric Orbiter (MMO) and the Mercury Surface Element (MSE) (Grard and Balogh 2001) . It is now intended that the mission will be undertaken jointly with Japan's ISAS that will be responsible for the magnetospheric orbiter. BepiColombo is a more ambitious mission than Messenger (its costs are also considerably higher) and will aim to go beyond the findings of Messenger or, in some cases, to complement these. It will be launched in 2009, and thanks to its propulsion from Earth to Mercury using a Solar Electric propulsion Unit, it is expected to arrive into Mercury orbit in 2012 (Anselmi and Scoon 2001) .
The Mercury Planetary Orbiter carries instruments mainly devoted to close range studies of the surface and measurements of the gravity field and rotational state. This spacecraft will be placed in a nearly circular, low-altitude polar orbit. Its imager system will perform a global mapping of the surface at better than 200 m resolution and will explore selected areas (up to 5% of the total surface) at better than 20 m resolution; the 2.3 h orbital period of the planetary orbiter provides a suitable shift in ground track between successive orbits. The intercomparison of the images will greatly benefit from the knowledge of the topography acquired with the laser altimeter.
Mineralogical mapping will be performed over a combined spectrum which stretches almost continuously from 70 nm up to possibly 60 µm. The UV spectrometer will map the surface albedo and search for oxides of elements such as Al, S and Si, and for water frost deposits in permanently shadowed areas. The range of the infrared spectrometer will cover the absorption bands of most minerals, with a spatial resolution between 150 m and 1.25 km. Complementary information on mineralogical composition and polar condensate deposits are obtained from the infrared radiometer, whose principal function will be to study the thermophysical properties of the surface.
The bombardment of the surface by galactic cosmic rays and solar x-rays generates a cascade of secondary particle which are detected by x-ray, γ -ray and neutron spectrometers. These measurements will yield the surface distributions of elements such as K, Th, U, O, Mg, Al, Si, Ca, Ti, Fe, H and C. The neutron spectrometer is sensitive to gradients in the concentration of Fe, Ti and especially H, down to a depth of about 1 m, and will contribute to the search for H 2 O over the polar regions.
The elemental opposition of the surface can also be studied, though less directly and on a more global scale, with the dust mass spectrometer and the neutral particle analyser. The ultraviolet spectrometer will observe the limb airglow, using an articulated mirror for example, to determine the abundance of elements such as Al, S, Na and OH in the exosphere. These instruments will study the dynamics of the exosphere, and neutral particle analyser, in addition, will image the magnetospheric plasma flow. These two instruments will therefore support the observations carried out with MMO.
The radio science experiments involve many instruments: the narrow angle camera, a specially built transponder, an accelerometer and also the spacecraft subsystems: radio link, startracker, as well as the ground antennas to determine (1) the libration and obliquity of Mercury (size and physical state of the core), (2) the global structure of the gravity field and tidal effects (internal structure) and (3) the local gravitational anomalies. Correlations between the gravity field and the topography observations performed with laser altimeter will assess the degree of isostatic compensation of crustal units. The relationship between the gravity field and the magnetometer data will contribute to a better understanding of the origin of Mercury's internal magnetic field.
In addition, the radio science experiment will determine the orbital parameters of the planet and study the propagation of electromagnetic waves between Mercury and the Earth to solve for fundamental quantities such as the oblateness of the Sun, the GR parameters, γ , β and η, and the time derivative of the gravitational parameter G, with unprecedented accuracy.
The MMO is a spin-stabilized spacecraft, mostly dedicated to the study of the field, wave and particles in the environment of the planet and in the solar wind. Its orbit is more eccentric than that of the planetary orbiter, in fact it is similar to the Messenger orbit. The magnetometer is an essential component of the payload since it addresses both the planetary and magnetospheric objectives. Magnetic field measurements performed simultaneously on the two orbiters will help discriminating the internal field of the planet from the induced field and the fields generated in the magnetosphere by the interaction of the planetary field with the solar wind.
A set of charged-particle detectors covers combined energy ranges of 0-300 keV for electrons and 0-26 MeV for ions. The ion mass spectrometer will contribute to the identification of exospheric species, in synergy with the remote sensing instruments on MPO. The wave receiver consists of a tri-axis search-coil magnetometer deployed on a boom and a one-axis electric antenna, made of two 35 m monopoles extended radially in the spin-plane. A camera with a resolution of 10-20 m at periapsis is intended to provide additional imaging information and to act as a back-up for the imagers carried by MPO.
The MSE will explore a sample area of the planetary surface with the maximum possible resolution and perform local measurements against which the data collected by the orbiters can be validated. The lander includes two tethered facilities, a soil-penetrating device which will reach a depth of several meters in the regolith, and a micro-rover which can deploy instruments at selected site several tens of meter away from the lander.
The imaging system on the surface element will include a descent camera which will take its last image a few 100 m above the surface and pinpoint the landing site, a panoramic camera to characterize the environment of the lander and, possibly, a close-up imager mounted on the rover.
The alpha-x spectrometer on the micro-rover will contain a set of Cm-244 sources that emit energetic particles which are backscattered or induce x-ray emission from the sample. The x-ray mode is sensitive to a wide range of elements: Na, Mg, Al, Si, K, Ca, Fe, P, S, Cl, Ti, Cr, Mn and Ni, the alpha mode to C and O. A Mössbauer spectrometer, also carried by the micro-rover, will perform a quantitative analysis of Fe-bearing materials.
The sensors of the heat flow and physical properties package (HP3) will consist of thermistors, accelerometer and radiation densitometer. HP3 will measure parameters such as temperature, thermal conductivity and diffusivity, bulk density and mechanical hardness as a function of depth.
The magnetometer will characterize the magnetic properties of the surface and provide a reference for models of the intrinsic planetary field. It will be possible to derive the electric conductivity of the ground by simultaneously recording the magnetic field fluctuations on the two orbiters and on the lander. A seismometer is tentatively considered for recording tidal deformations and sound waves excited by quakes in the crust and in the mantle.
The complexity of these missions, their ambitious scientific objectives and the challenging environment that they will face at Mercury make them among the most difficult planetary missions ever to be undertaken. However, the planetary scientific community considers that this is an important and obviously rare opportunity to make the necessary observations for setting our knowledge of Mercury, as well as the family of the terrestrial planets on a more detailed, more quantitative, and less speculative footing than is the situation at present. acknowledge his indebtedness to his colleagues in this group who helped to widen his perspectives and who prepared with great skill the scientific case for the mission. GG is holding an ESA Research Fellowship at the Imperial College of Science, Technology and Medicine.
